The chorion genes of the medfly, Ceratitis capitata, I: structural and regulatory conservation of the s36 gene relative to two Drosophila species 
INTRODUCTION
Our laboratories have undertaken recently a detailed study of molecular evolution of dipteran chorion genes. In Drosophila melanogaster, the major genes of this small family are organized in two clusters, one on the X and the other on the third chromosome (1, 2, 3) . They are expressed with strict developmental specificity, exclusively in the follicular epithelium, within a limited period during chorion formation. Both clusters are differentially amplified in the follicle cells, ensuring production of adequate amounts of proteins in the short time available for choriogenesis (4) . The structural and regulatory evolution of the autosomal cluster has been examined in four distantly related species of the genus Drosophila (5, 6) . The regulatory properties of this cluster have remained remarkably constant: gene amplification occurs, and each gene is expressed with similar temporal specificities in all four species. Furthermore, the overall organization of the cluster has remained constant, with the same four genes maintained in tandem, in the same order and similar spacing. In strong contrast, the transcription units show substantial diversification in sequence; however, in the 5' end of each gene and in the proximal 5' flanking DNA, islands of sequence conservation have been noted which may correspond to c/s-regulatory genetic elements.
In the present report, we extend these studies in two respects. First, we examine a chorion gene and its surrounding DNA from the X-linked rather than the autosomal cluster; preliminary crosshybridization studies had suggested that the X-linked cluster may be somewhat more conservative in terms of sequence evolution (J.C. Martinez, pers. commun.). Second, we examine this gene both in two species of the genus Drosophila and in the Mediterranean fruitfly (medfly), Ceratitis capitata, a member of a different dipteran family (Tephritidae); this distant comparison tests the generality of the pattern of sequence conservation and divergence that is prevalent in the Drosophilidae.
MATERIALS AND METHODS

Screening of libraries
The medfly genomic library was a gift of M. Rina and C. Savakis (IMBB, Crete), and the D. virilis genomic library was prepared by Ron Blackman (Harvard University). The medfly cDNA library was constructed using total RNA from hand dissected ovaries, as described previously (7) . All libraries were screened using standard procedures (8, 9) , at 50°C (medfly genomic library), 60°C (D. virilis genomic library), or 65°C (medfly cDNA library), respectively. All probes were gel purified and nick-translated (10) , except for a synthetic oligonucleotide which was end-labelled (8) . All restriction mapping and subcloning was done using standard procedures. Southern blot analysis was performed on Gene-Screen Plus nylon membrane (DuPont), using the hybridization conditions described in (9) . Sequence analysis and alignments C. capitata cDNA and D. virilis genomic restriction fragments were subcloned into M13mpl8 and M13mpl9 vectors, and the DNA was sequenced using the chain termination procedure (11) with 35 S-dATP (12) and Sequenase (13) , in approximately 40 cm gradient gels. Overlapping restriction fragments of C. capitata genomic DNA were subcloned into the pBluescriptllKS + vector (Stratagene), and single-stranded DNA was prepared using R408 helper phage (14) and sequenced as above. Each strand was sequenced at least three times, and the data were analyzed using computer programs (15, 16, 17, 18) . For the protein alignments in Fig. 3 , small deletions were allowed only when they resulted in two-way matches of at least two amino acids or three-way matches of at least one amino acid. The DNA alignments in Fig.  4 were established according to the following rules. Perfect matches of at least five, or five out of six, consecutive nucleotides were identified by computer and used as primary anchor points; these were extended to encompass contiguous two-way matches and boxed. Three-way matches of three nucleotides or three-way matches of four out of six nucleotides or two-way matches of nine nucleotides were used as secondary anchor points. Between anchor points insertions/deletions were positioned following the rules described in (5).
RNA blot hybridization
Total RNA was prepared using the protocol described in (7), from males, ovariectomized females, ovaries, and from follicles individually staged according to morphological criteria analogous to those used in Drosophila (19) . After electrophoresis on 1.4% agarose gels, RNA was blotted onto nylon membrane (Bio-Rad Zetaprobe) by the alkaline method (20) , modified for RNA (gel was not acid treated prior to blotting and NaOH concentration was reduced to 25 mM). The filter was hybridized (9), with nicktranslated probe as above, at 65°C.
Amplification analysis
Genomic DNAs from male flies, ovariectomized females and hand-dissected ovaries were prepared as described in (21) . After restriction digestion with HiruHH, DNA was blotted on a nitrocellulose filter and hybridized as above, at 65°C. Both probes, the plasmid containing Ccs36"cDNA and a fragment of the C. capitata PS2a integrin gene, were used simultaneously.
RESULTS
Conservation and diversification of the s36 gene in D. virilis, C. capitata and D. melanogaster
Genomic libraries of D. virilis and the medfly, C. capitata, constructed in phage vectors, were screened at low to moderate stringency for homologues of the single-copy s36 chorion gene of D. melanogaster. Several positive recombinant clones were isolated from each library, and subjected to Southern hybridization with the same probe. They defined a single locus in each species, as diagrammed in Fig. 1 . In D. virilis polytene chromosomes, the locus maps to 13B-C (nomenclature as in ref. 22) , in the chromosome equivalent to the X chromosome of D. melanogaster. A 1.6 kb flg/n-XZwI segment of the D. virilis DNA was selected by cross-hybridization to the D. melanogaster probe, subcloned into M13 vectors and sequenced by the dideoxynucleotide procedure. Fig. 2 shows the nucleotide sequence, spanning positions -228 to +1400 relative to the transcription start site, Fig. 2.) , after which an approximately 90-100 nucleotide long poly-A tail is found. Open boxes underneath the cDNA clone represent the 40-mer synthetic oligonucleotide that was used to map the 5' end in a genomic clone, and the 500 base pair Kpn\ fragment that was used as probe for the RNA blot. Restriction sites shown are:
as determined by sequence homology to the D. melanogaster s36 gene. Similarly, the same probe was used to select by crosshybridization a 1.6 kb £coRI genomic DNA fragment from the C. capitata locus (Fig. 1) . That fragment was used as a homospecific probe to select from a medfly ovarian cDNA library an s36cDNA clone, which proved to be full-length (see below). The cDNA sequence was determined, and a synthetic 40-mer oligonucleotide corresponding to the 5' end was used to locate the 5' end of the s36 gene plus upstream sequences in genomic DNA. The sequence of a 1523 bp of C. capitata genomic DNA, from -623 to +900, was then determined. The cDNA and genomic sequences together define the sequence of the medfly locus, which is also presented in Fig. 2 ; 742 bp of that sequence was obtained from both cDNA and genomic DNA, which were identical.
We have also sequenced independently the s36 gene of D. melanogaster and obtained a sequence identical to that reported in (23) , from 642 to 2544 (their numbering). Conceptual translation of the sequences and comparison of the encoded proteins showed remarkable similarities in all three species (Fig.  3 , and see Discussion). These similarities, and the single-copy nature of the DNA, confirmed that the D. virilis and C. capitata transcription units are orthologous and correspond to the D. melanogaster s36 chorion gene. We shall refer to these genes as Dvs36, Ccs36 and Dms36, respectively, and the encoded proteins as Dvs36, Ccs36 and Dms36. OV.
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but results from attempted reverse transcription of the methylated cap (N. Brown, pers. commun. (25, 26, 23, 5, 6) , as well as in most moth chorion promoters (27, 28, 29, 30) . A more detailed analysis of the s36 DNA sequence evolution is presented in the Discussion. Figure 5 . RNA bloc hybridization analysis of Ccs36, showing the tissue and temporal specificity of expression of the gene. Total RNA was prepared from ovaries (ov.), ovariectomized females (9), males (cr) and individually staged follicles. The Kpnl fragment that was used as a homospecific probe is described in Fig. 1 . Note that expression in staged follicles which is restricted to stages 12 and 13, is comparable to the developmental profile observed in the two Drosophila species (see text).
o + ov.
* % Figure 6 . Amplification of the Ccs36 chorion locus. Genorruc DNA was isolated from males (cr), ovariectormized females (9) and ovaries (ov.), restricted with HindUl, fractionated by electrophoresis, blotted on nitrocellulose and hybridized. Equal amounts of DNA were loaded in all three lanes and two probes of different specific activity were used simulataneously: the plasmid containing CCJ56CDNA hybridized to a 9 kb band that was specifically amplified in the ovaries, and the HindlU-Xhol fragment from PS2a hybridized to a 5.5 kb band that is equally intense in all three lanes. A double ca. 3 kb, unamplified band that also appears on the blot, is discussed in the text.
Despite the protein similarities, the non-coding DNA shows substantial divergence, with only a few islands of conserved sequence elements (Fig. 4) . In all three species the s36 gent has a single intron near the 5' end, preceded only by 14 to 16 codons corresponding to part of the signal peptide sequence, plus 31 to 68 nt of 5' untranslated region. In all three species the cap site sequence is similar (^AGjAGTA); it has been identified by primer extension in D. melanogaster (24) , by homology in D. virilis, and in C. capitata by its presence in the cDNA sequence, immediately preceded by a G which is not encoded in the DNA
Conservatism of developmental regulation of the s36 gene
The conservatism of a major portion of the C. capitata s36 protein, relative to Drosophila, contrasting with the substantial diversification of the 5' flanking DNA, raised the question of how extensively the regulation of s36 was conserved during evolution.
A key aspect of chorion gene regulation is the extreme tissue and temporal specificity of expression into mRNA. This specificity is very similar in D. melanogaster and D. virilis: in both species the s36 gene is expressed only in ovarian follicles, during the early stages of chorion formation (stages 11-13 of oogenesis; ref. 1, 6) . To determine the developmental profile of its expression in C. capitata, we assayed for s36 transcripts in RNA from individually staged follicles, by electrophoresis and blot hybridization using a 0.5 kb Kpnl fragment of the Ccs36 coding region as probe. As shown in Fig. 5 , in this species also, transcripts are not detected in adult males or females without ovaries, and expression is strictly limited to early choriogenesis: Ccs36 transcripts are absent from prechoriogenic follicles, reach maximum abundance at stage 12, and decline steeply at stage 13. The staging criteria used for different species are consistent, although the exact correspondence cannot be established, because of some differences in morphological markers of developing follicles. Thus, temporal as well as tissue specificity of s36 expression is essentially indistinguishable between medfly and the two Drosophila species.
A second key feature of chorion regulation is the differential amplification of all major chorion genes, exclusively in the follicular epithelial cells, shortly before and during choriogenesis (4) . Amplification of the autosomal chorion cluster occurs in all Drosophila species examined to date, including both D. melanogaster and D. virilis (5) . Similarly, we have shown that the s36 gene is amplified in D. virilis as well as in D. melanogaster (data not shown). To examine whether chorion genes are amplified in the medfly, HindM digested genomic DNAs from males, ovariectomized females and whole ovaries were electrophoresed and blotted on a nitrocellulose filter; the filter was then probed with the plasmid containing the Ccs36 cDNA and a single copy control probe, a HindHl-Xhol fragment of the medfly PS2a integrin gene (31) . Results are shown in Fig.  6 . A 9 kb band, encompassing Ccs36, was amplified at least tenfold in ovarian DNA, as compared to DNA from males and ovariectomized females. The specificity of amplification was confirmed by the constancy of the 5.5 kb PS2a band, which also verified the equal loading of DNA in different lanes. An unamplified 3 kb band was also observed; it hybridized weakly with the chorion probe, and may correspond to a duplicated, nonamplifying minor chorion gene, or alternatively may result from fortuitous sequence similarity.
DISCUSSION
The s36 protein and its conservation
We have compared the s36 chorion gene in two Drosophila species, belonging to different subgenera (Sophophora for D. melanogaster; Drosophila for D. virilis), as well as in the medfly, a member of a different dipteran family. The Drosophila subgenera are thought to have separated 50 to 80 million years ago (32, 5) while the families of Drosophila and Ceratitis are estimated to have separated approximately 120 million years ago (32) . Unlike the autosomal chorion genes examined in four Drosophila species, the sJo" gene in Ceratitis and two Drosophila shows high conservation in the coding sequence, and low conservation in non-coding regions, including the proximal 5' flanking DNA.
In 225 aligned positions (excluding the C-terminal end, which is of variable length), the medfly protein, Ccs36, is 61 and 64% identical to Dms36 and Dvs36 respectively; the latter two are 84% identical to each other. This degree of conservation far exceeds the previously documented similarities of autosomal chorion proteins in four Drosophila species (5, 6; Martinez et al. in preparation) . Presumably the conservation of s36 reflects some important role in the chorion. Indeed, in D. melanogaster two mutations that abolish or alter s36 protein synthesis result in major disruption of chorion morphogenesis, even though all the other chorion proteins are produced normally (33, 34) .
Conservation of the s36 protein is particularly notable in a region between residues 80 and 219 in C. capitata (Fig. 3) . In this central 139 amino acid region the three sequences show 76 to 97% identities; there are no insertions or deletions, and 76% of the residues are invariant, forming several exceptionally long blocks that are perfectly conserved in all three species (note blocks of 40, 16, 9 and 7 invariant residues in Fig. 3 ). The amino terminal region (1-79 in C. capitata), including the signal peptide, is less extensively conserved: the Ccs36-encoded protein is 47 and 43% identical to the Dvs36 and Dms36 sequences, respectively, and each of the three sequences shows small gaps relative to the other two. Finally, the carboxyl terminal region (220-320 in C. capitata) is the most variable: here the sequences can only be aligned to ca 23-54% identity, and are significantly different in length, (101 residues in Ccs36, 74 in Dvs36 and 63 in Dms36). Because of the differences in the N-terminal and Cterminal regions, the three proteins are somewhat different in size: 320, 293 and 286 amino acids for Ccs36, Dvs36 and Dms36, respectively.
Interestingly, secondary structure predictions suggest that the Dms36 protein consists of a highly structured central domain (residues 99 to 222 in that sequence), flanked by arms that may be less structured and may participate in protein-protein interactions (35) . Based on the three-species comparisons, we would extend the central domain only slightly, to encompass residues 84 through 223 in Dms36. This region is predicted as a series of a-helical segments followed by j3-sheet strands (35) . It appears that the arms, especially the C-terminal one, are evolutionarily more variable as well as less structured than the s36 central domain. Despite substantial differences in primary sequences, a similar structural pattern is seen in moth chorion proteins, which are also tripartite and show a highly structured and extensively conserved central domain. An additional similarity between moth and fly chorion components is the terminal distribution of residues that are thought to serve in crosslinking: the arms of the moth proteins are enriched in cysteines (36) , and the arms of the fly s36 proteins (especially the C-terminal arm) are similarly enriched in tyrosines, which form di-tyrosine and tri-tyrosine crosslinks in the mature chorion (37, 38) . The C-terminal arm is also enriched in alanine, and in Dvs36 and Ccs36 also in serine.
Conserved regulatory properties and the s36 DNA sequences
We have established that the s36 gene is differentially amplified in the ovaries of C. capitata. This is the first demonstration of chorion gene amplification outside the genus Drosophila; it does not occur in silkmoths, where it would be superfluous because of the high multiplicity of chorion genes in the haploid genome and the ten-fold longer duration of choriogenesis (39) .
Similarly, we have established that the s36 gene of C. capitata is expressed during early choriogenesis, with a temporal specificity comparable to that in Drosophila species. Thus, the regulatory properties of s36 have remained constant for approximately 120 million years, since the last common ancestor of drosophilid and tephritid flies, even though the morphology of the chorion underwent considerable changes (38) .
We have compared the available non-coding (transcribed as well as non-transcribed) DNA sequences of s36 in the medfly and two Drosophila species. As previously observed for the autosomal chorion genes in four Drosophila species (5,6), the intron and 3' untranslated sequences of s36 have been effectively randomized (results not shown). The most interesting results were obtained from sequence comparisons in the 5' end of the gene. Here, sequence conservation is not extensive. However, five elements are evident in all three species, each showing conservation in at least five out of six contiguous nucleotide positions (see boxes in Fig. 4 ). The two elements farthest downstream may be related to translational initiation and the specification of the cap site. A third element encompasses the TATA box, and a fourth spans the chorion-specific TCACGT hexamer. The fifth element, farthest upstream, is aGATCTgG. The fourth and fifth elements are almost contiguous in C. capitata, but in Drosophila are separated by DNA of variable length (much longer in D. virilis) and considerable sequence similarity. Conversely, Ccs36 has the longest 5' untranslated region.
The conservation of these elements is of special interest, because of the documented conservation of tissue and temporallyspecific expression patterns of the gene in all three species. Indeed, it has been shown by transformation that a Dms36 DNA fragment only 84 bp long (-132/-49; see white arrows in Fig.  4 ) is sufficient to specify s36-specific expression of an attached hsp70/lacZ reporter gene (40) . It would be interesting to determine by transformation experiments to what extent the corresponding region of the Ceratitis homologue, which is only 38 bp long but encompasses both the aGATCTgG and the TCACGT elements, can specify s56-like expression in transgenic Drosophila.
